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RNA-dependent RNA polymerase (RdRp) activity has been detected in mitochondria from an isolate of Ophiostoma
novo-ulmi infected with O. novo-ulmi mitovirus 6 (OnuMV6). The reaction products corresponded to the double-stranded and
single-stranded forms of OnuMV6 RNA. Western blot analysis using antibodies raised against a conserved RdRp region has
detected a protein of ca. 80 kDa in OnuMV6-infected mitochondria, close to the predicted size of the OnuMV6 RdRp. No RdRp
activity or protein was detected in mitochondria from an uninfected O. novo-ulmi isolate. This is the first detection of a virus
RdRp in fungal mitochondria and the results are consistent with the use of UGA tryptophan codons in its synthesis. © 2000
Academic Press
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disease fungus, Ophiostoma novo-ulmi, contains 12 dou-
ble-stranded (ds) RNA molecules (1, 2), which are located
in the mitochondria (3). The nucleotide sequences of
dsRNAs 3a (2617 bp), 4 (2599 bp), 5 (2474 bp), and 6
(2343 bp) indicate that each RNA has the potential to
encode a single protein of 718 amino acids (80,274 Da),
783 amino acids (92,244 Da), 729 amino acids (86,181
Da), and 695 amino acids (80,087 Da), respectively (4, 5),
assuming that UGA does not act as a stop codon but
codes for tryptophan as it does in the mitochondria of
most ascomycte fungi (6). Each of these putative proteins
contains amino acid sequence motifs typical of RNA-
dependent RNA polymerases (RdRps) (4, 5). These four
RNAs have been proposed as members of the Mitovirus
genus of a new family of naked RNA viruses, the Narna-
viridae, and designated O. novo-ulmi mitoviruses 3a, 4, 5,
and 6 (OnuMV3a, OnuMV4, OnuMV5, and OnuMV6), re-
spectively (5). The type member of the genus Mitovirus,
Cryphonectria parasitica mitovirus 1 (CpMV1), also en-
codes a putative RdRp that contains multiple UGA
codons (7, 8). Here we show that RdRp activity can be
detected in mitochondria from OnuMV6-infected, but not
noninfected, O. novo-ulmi. We have also used antibodies
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239raised against a conserved RdRp region to detect a
protein of ca. 80 kDa in OnuMV6-infected mitochondria.
This is the first time a virus RdRp has been detected in
fungal mitochondria and the results are consistent with
the use of UGA tryptophan codons in its synthesis.
Results. Detection of RdRp activity in mitochondria
from OnuMV6-infected O. novo-ulmi. A mitochondrial
fraction was prepared by differential and density gradi-
ent centrifugation of disrupted mycelium of O. novo-ulmi
sci31, which is infected with only OnuMV6 (2, 5). When
this fraction was incubated with [a-32P]UTP, unlabeled
ATP, CTP, and GTP, and actinomycin D, and the products
were analyzed by polyacrylamide gel electrophoresis,
two major bands were detected by autoradiography (Fig.
1, lane 1). When ATP or GTP was omitted from the
reaction mixture, the intensities of these two bands were
considerably reduced (Fig. 1, lanes 2 and 4). When CTP
or ATP, CTP, and GTP were omitted, the two bands could
not be detected (Fig. 1, lanes 3 and 5). These results
indicate that synthesis of the two bands resulted from the
action of an RNA polymerase and not from that of a
terminal transferase. The low level of activity in the ab-
sence of added ATP or GTP probably resulted from
endogenous ATP and GTP in the mitochondria. This view
is strengthened by the observation that the reaction was
completely inhibited by the addition of cordycepin 59-
triphosphate (39-deoxyATP) (Fig. 1, lane 6), which can be
incorporated into growing RNA chains in place of ATP
and acts as a chain terminator (9). The reaction was also
inhibited by the addition of proteinase K (Fig. 1, lane 7),
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240 RAPID COMMUNICATIONshowing that it requires protein and was insensitive to
actinomycin D, an inhibitor of cellular DNA-dependent
RNA polymerases (9). No products could be detected in
reactions carried out with mitochondria from uninfected
O. novo-ulmi isolate H351 (Fig. 1, lane 8), showing that
the RNA polymerase activity was produced as a result of
virus infection.
It has previously been shown that OnuMV6-infected O.
novo-ulmi contains both the full-length single-stranded
nd double-stranded forms of OnuMV6 RNA (5). When
the RNA polymerase reaction products were electropho-
resed alongside mitochondrial RNA from OnuMV6-in-
fected O. novo-ulmi, it was found that the two products
omigrated with the full-length single-stranded and dou-
le-stranded forms of OnuMV6 RNA, respectively (Fig. 2,
anes 1 and 2). To confirm their identities as single-
tranded or double-stranded RNA, the reaction products
ere treated with S1 nuclease (Fig. 2, lane 3). It is clear
hat the labeled RNA product with the slower electro-
horetic mobility was completely digested by S1 nucle-
se and is therefore single-stranded, whereas the RNA
roduct with the faster electrophoretic mobility was re-
istant to S1 nuclease and is therefore double-stranded.
o show that the reaction products hybridized with On-
MV6 RNA and to determine whether plus or minus
trands were synthesized, unlabeled RNA transcripts
orresponding to either the plus-strand or the minus-
trand of OnuMV6 RNA were synthesized in vitro using a
FIG. 1. Effects of omissions and additions on OnuMV6 RdRp reac-
ions. 32P-labeled RNA products from RNA polymerase reaction mix-
ures containing mitochondria from either OnuMV6-infected O. novo-
lmi sci31 (lanes 1 to 7) or uninfected O. novo-ulmi H351 (lane 8) were
eparated by polyacrylamide gel electrophoresis for 3000 Vh and
etected by autoradiography. Lanes 1 and 8, standard RNA polymerase
eaction mixture; lane 2, ATP omitted; lane 3, CTP omitted; lane 4, GTP
mitted; lane 5, ATP, CTP, and GTP omitted; lane 6, cordycepin 59-
riphosphate (400 mM) added; lane 7, proteinase K (300 mg/ml) added.
he positions of the two most strongly labeled bands are indicated by
rrowheads on the left.cDNA clone of OnuMV6 RNA as a template, electropho-
resed through an agarose gel, and blotted onto a mem- abrane. The membrane was then probed with the dena-
tured 32P-labeled products from an RNA polymerase re-
ction carried out with OnuMV6-infected mitochondria.
ybridization was obtained with both the plus-strand and
he minus-strand OnuMV6 transcripts (Fig. 3, lanes 3 and
), indicating that OnuMV6 strands of both polarities
ere synthesized in OnuMV6-infected mitochondria in
itro. As a control, no hybridization of the reaction prod-
cts was detected with transcripts of either polarity of
nuMV3a, showing that the hybridization reaction was
pecific to OnuMV6 (Fig. 3, lanes 1 and 2). Attempts to
xtract a sufficient quantity of the separated 32P-labeled
FIG. 2. Characterization of the products of an OnuMV6 RdRp reac-
tion. The following were separated by polyacrylamide gel electrophore-
sis: lane 1, RNA from OnuMV6-infected mitochondria; lane 2, products
of a standard RNA polymerase reaction with OnuMV6-infected mito-
chondria; lane 3, products of a standard RNA polymerase reaction with
OnuMV6-infected mitochondria, treated with S1 nuclease after isolation
from the reaction mixture. Nucleic acids in lane 1 were transferred onto
a nylon membrane and hybridized with a 32P-labeled riboprobe tran-
scribed from a cDNA clone corresponding to nucleotides 1246–2026 of
OnuMV6 RNA to visualize the full-length positive-strand single-
stranded RNA and double-stranded RNA forms of OnuMV6 RNA. Bands
in lanes 2 and 3 were detected directly by autoradiography. SsRNA6
indicates the position of OnuMV6 single-stranded RNA; dsRNA6 indi-
cates the position of OnuMV6 dsRNA.
FIG. 3. Hybridization of the products of RdRp reaction. The following
in vitro synthesized ssRNA transcripts were electrophoresed on an
agarose gel for 50 Vh: lane 1, plus-strand transcripts corresponding to
nt 9–1994 of OnuMV3a RNA (4); lane 2, minus-strand transcripts com-
plementary to nt 9–1994 of OnuMV3a RNA (4); lane 3, plus-strand
transcripts corresponding to nt 1246–2026 of OnuMV6 RNA (5); lane 4,
minus-strand transcripts complementary to nt 1246–2026 of OnuMV6
RNA (5). Following electrophoresis, the transcripts were transferred to
32a nylon membrane and hybridized to denatured P-labeled products of
n OnuMV6 RdRp reaction.
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241RAPID COMMUNICATIONsingle-stranded reaction product from gels for use as a
probe in similar hybridization experiments to determine
whether it was predominantly the plus strand, as found in
vivo for OnuMV6 ssRNA (5), were unsuccessful.
Identification of an RdRp Protein in O. novo-ulmi Virus-
Infected Mitochondria by Immunoblotting. To obtain an
antiserum that would be capable of detecting RdRp pro-
teins of several O. novo-ulmi mitoviruses, a region of the
OnuMV3a RdRp sequence that contained conserved
amino acid sequence motifs I–VI (5) was cloned into the
bacterial expression vector pET28b(1). A UGA codon in
this region, which would act as a translational termina-
tion codon in Escherichia coli, was altered to a UGG
tryptophan codon by in vitro mutagenesis. A 190-amino-
acid portion of the OnuMV3a RdRp sequence, to which
was fused a C-terminal oligohistidine tag, was ex-
pressed in E. coli and purified to give a single component
of the expected size of 23 kDa in high yield (40-mg
recombinant protein from a 600-ml bacterial culture) (not
shown). Attempts to express a region of OnuMV6 RdRp
in E. coli were unsuccessful. After immunization of a
rabbit with the OnuMV3a recombinant protein, antibod-
ies were produced that reacted with the recombinant
protein in Western blots, but did not react with the same
amount of an unrelated protein (the movement protein of
cucumber mosaic virus expressed from a cDNA clone in
E. coli) (not shown). Mitochondrial proteins from isolates
of O. novo-ulmi infected with different combinations of
mitoviruses, or from an uninfected isolate, were electro-
phoresed through an SDS–polyacrylamide gel and trans-
ferred to a membrane. The blot was then probed with the
antibodies to the conserved RdRp region. A band of ca.
80 kDa was detected in mitochondrial proteins from O.
novo-ulmi isolates sci64 and sci31 (Fig. 4, lanes 1 and 2).
The antibodies did not interact with mitochondrial pro-
teins from uninfected O. novo-ulmi isolate H351 (Fig. 4,
lane 4). Furthermore, no bands were detected by the
preimmune serum in any of the mitochondrial protein
samples or with the recombinant RdRp protein (not
shown). O. novo-ulmi sci31 is infected with only OnuMV6
and the 80-kDa protein detected is the predicted size for
the RdRp encoded by this virus (5). It is clear that the
antibodies raised against a conserved region of the
OnuMV3a RdRp are able to react with the OnuMV6 RdRp.
This is to be expected, since there are 58 identical amino
acids, including identical sequences of up to 8 amino
acids, in the RdRp region of these two viruses to which
the antibodies were raised. O. novo-ulmi isolate sci64 is
also infected by OnuMV6, but contains additional mito-
viruses, only some of which have been sequenced (2, 4,
5). The 80-kDa band detected by the antibodies in this
isolate may largely be due to interaction with the On-
uMV6 RdRp, since OnuMV6 is the most abundant mito-
virus in this isolate (2). However, the possibility that theantibodies interacted with RdRps of similar sizes from
other O. novo-ulmi mitoviruses cannot be eliminated.
Discussion. Mitochondrial RNA viruses (mitoviruses)
have been described in the ascomycete fungi C. para-
sitica (7) and O. novo-ulmi (4, 5). Mitoviruses are among
the simplest of all viruses, lacking a capsid and with a
genome containing only one long open reading frame
with the potential to encode a protein believed to be an
RdRp on the basis of conserved amino acid motifs (8).
The results presented here show for the first time that
mitovirus-infected mitochondria contain RdRp activity.
The products of RdRp reaction, the full-length double-
stranded and single-stranded OnuMV6 RNAs, probably
represent the two stages of the RNA replication process.
As mitoviruses have no capsid, they can be regarded
equally as single-stranded RNA or double-stranded RNA
viruses. The positive-strand single-stranded RNA will
have a dual role as a template for replication and a
template for translation.
Each of the deduced RdRp ORFs in mitovirus RNAs
contains 7–12 UGA codons that have been assumed to
follow the ascomycete fungal mitochondrial genetic code
in coding for tryptophan, rather than acting as stop
codon as in the universal code (6). Both the Cryphonec-
tria and the Ophiostoma mitoviruses copurify with the
mitochondria (3, 7) and additionally the Cryphonectria
mitovirus shows maternal inheritance, along with the
mitochondria (10). It is therefore reasonable to assume
that mitovirus RNAs are translated in the mitochondria
and use the ascomycete mitochondrial genetic code.
FIG. 4. Immunodetection of the OnuMV6 RdRp protein. Samples
(each containing 120 mg of proteins) of purified mitochondria from O.
ovo-ulmi isolates sci64 (lane 1), sci31 (lane 2), and H351 (lane 3) were
eparated by electrophoresis on an 8% SDS–polyacrylamide gel. Sep-
rated proteins were transferred onto nitrocellulose membranes, which
ere then incubated with a 1:10,000 dilution of an antiserum raised
gainst a recombinant protein containing amino acid motifs conserved
n RdRps of O. novo-ulmi mitoviruses. Protein bands containing bound
ntibody were detected by a chemiluminescent method. The positions
nd sizes of molecular mass markers are indicated on the left of the
lot.However this has not hitherto been proved. The detec-
tion of an 80-kDa protein in O. novo-ulmi OnuMV6-in-
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242 RAPID COMMUNICATIONfected mitochondria with antibodies to a conserved
RdRp region is the first detection of a virus-encoded
RdRp protein in the mitochondria of a fungus or indeed in
the mitochondria of any other type of organism. It shows
that the 7 UGAs in the OnuMV6 RdRp ORF code for an
amino acid rather than acting as a stop codon. Unequiv-
ocal proof that the 7 UGAs code for tryptophans will
require isolation and sequencing of the RdRp protein and
we have not been able to obtain sufficient protein for this
purpose. Another remote possibility is that the UGA
codons may have been converted to another codon by
RNA editing. RNA editing has been observed in plant
mitochondria and chloroplasts (11), but has not to our
knowledge been reported for fungal mitochondria. We
have found no evidence for editing of OnuMV6 RNA.
Sequencing of OnuMV6 single-stranded RNA present in
total RNA from infected mitochondria revealed that the
UGA codons were present in the RdRp ORF (L. J. Craw-
ford, C. M. Brasier, and K. W. Buck, unpublished results).
The detection in OnuMV6-infected mitochondria, but
not in uninfected mitochondria, of RdRp activity and an
80-kDa protein that interacts with antibodies to a con-
served region of the putative RdRp protein make it virtu-
ally certain that the 80-kDa protein is the protein that has
RdRp activity. However, formal proof will require isolation
and purification of the RdRp to show that it contains the
80-kDa protein and that its activity can be inhibited or
immunoprecipitated by the above-mentioned antibodies.
Attempts to purify the RdRp have so far been unsuccess-
ful. Disruption of the OnuMV6-infected mitochondria by
sonication or solubilization of mitochondrial membranes
with the nonionic detergent Triton X-100 has largely in-
activated the RdRp (unpublished results).
Materials and Methods. Fungal methods. O. novo-ulmi
single conidial isolates sci31 and sci64, derived from
isolate Ld, and virus-free isolate H351, which is nearly
isogenic with Ld apart from the absence of virus in the
former, have been described (1, 2). Isolates were cultured
and mitochondria were isolated and purified essentially
as described by Rogers et al. (3).
RdRp Reactions. Purified mitochondria, equivalent to
1 g of fungal mycelium, were resuspended in 10 ml of
ice-cold buffer (80 mM Tris–HCl, pH 8.0, 20 mM MgCl2,
50 mM (NH4)2SO4, 6 mM dithiothreitol). To this suspen-
ion was added 10 ml of a mixture containing 1 mM ATP,
1 mM CTP, 1 mM GTP, 10 mM UTP, 0.37 MBq of
[a-32P]UTP (30 TBq/mmol; 740 MBq/ml), 20 units of RNa-
sin (Promega), and actinomycin D (200 mg/ml). The mix-
ture was then incubated at 28°C for 1 h. Reaction prod-
ucts were isolated and analyzed by polyacrylamide gel
electrophoresis as described by Osman and Buck (12).
Recombinant Protein Expression and Purification. Two
regions of OnuMV3a RNA, containing conserved RdRp
motifs I–III and III–VI, were amplified by PCR usingprimer pair P3 and P4, primer pair P5 and P6, and an
OnuMV3a cDNA clone (4) as template. The sequences of
the primers were as follows: P3, AGCTGACCATGGTCTT-
TAGTAAATTAAAGGACCTTCCAATGG (NcoI site in bold-
face type); P4, TGATAAGGATCCCGCATAGGTTGC-
CCAACTGAGTATCTATAAGGTATATCC (BamHI site in
boldface type); P5, CCTATGGGATCCGTTATCATCAT-
GGGCAATGTTGCATTGTCTCATCATG (BamHI site in
boldface type; position of A to G mutation in boldface
italics); and P6, AGCTGAAAGCTTTAGAGCTACTAATA-
AATTCTTAGCTCCCACAGCTG (HindIII site in boldface
type). The two amplified fragments (300 and 291 bp) were
separately cloned using the appropriate restriction sites
into the vector LITMUS 28 (New England Biolabs) in E.
coli XL1-Blue (Stratagene). The clones were verified by
sequencing. The fragments were then excised from the
respective recombinant vectors and cloned together be-
tween the NcoI and the HindIII sites of the vector
ET28b(1) (Novagen) in E. coli XL1-Blue. After transfor-
ation of the resultant clone into E. coli BL21 (DE3) cells
(13), expression of the recombinant protein was induced
with 1 mM isopropyl-1-thio-b-D-galactoside according to
the Novagen protocol. The His-tagged recombinant pro-
tein was purified using Ni-NTA resin (Qiagen) under
denaturing conditions (8 M urea), according to the Qia-
gen protocol. Proteins were analyzed by SDS–polyacryl-
amide gel electrophoresis (14).
Immunological Procedures. Antibodies were raised in
a rabbit by subcutaneous injections of a mixture of 200
mg of recombinant protein (denatured by heating to 95°C
for 2 min with 2% SDS and 5% 2-mercaptoethanol) and
200 mg of untreated recombinant protein at intervals of 3,
, 11, and 15 weeks. Blood was collected and serum
repared 14 days after the last injection. Immunoblotting
as carried out using standard procedures (15). Primary
ntibodies were used at a dilution of 1:10,000 and sec-
ndary antibodies (goat anti-rabbit IgG conjugated with
orseradish peroxidase) at a dilution of 1:1,000,000. Sec-
ndary antibodies were detected using solutions in the
uperSignal ULTRA Substrate Kit (Pierce and Warriner)
ccording to the supplier’s instructions.
Nucleic Acids Procedures. Northern blotting, produc-
ion of riboprobes by in vitro transcription from cDNA
lones, hybridizations, and treatment of products of RdRp
eactions with S1 nuclease were carried out as de-
cribed previously (4, 5).
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